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Abstract
Triangular-shaped InGaN/GaN multiple quantum wells (MQWs) grown on a sapphire
substrate were adopted as an active layer of light-emitting diodes (LEDs). The temperature
dependence of the normalized integrated photoluminescence (PL) intensity showed that the
internal quantum efficiency (IQE) of the LEDs with triangular-shaped MQW is much higher
than that of the LEDs with conventional rectangular MQW structures. The
electroluminescence (EL) spectra of the two series devices have been comparatively studied as
functions of injection current. It was found that the device with the triangular-shaped MQW
structure exhibited a stronger intensity and a narrower linewidth. Furthermore, the peak
energy is nearly independent of the injection current, indicating that the triangular MQW
LEDs are more efficient and stable than the rectangular ones.
(Some figures in this article are in colour only in the electronic version)
1. Introduction
III-nitride semiconductors have attracted much attention for
years and have achieved exciting things [1–4]. Especially, the
ternary alloy InGaN is of great importance for applications
in high-brightness light-emitting diodes (LEDs) and continue-
wave blue laser diodes (LDs). This is due to the fact that the
alloy can constitute an active region in form of a quantum well
(QW) structure of the devices. The luminescent efficiency
of InGaN-based QW devices is surprisingly higher than
that of conventional III–V compound semiconductor-based
LEDs. Previously, the strong localization of exciton associated
with indium content fluctuation or quantum dots (QDs) was
claimed to be the origin of the high emission efficiency [5–8].
However, in the GaN-based material system, the presence of
the spontaneous and piezoelectric polarization may induce a
built-in field perpendicular to the plane of the well, which leads
to the separation of electron and hole wavefunctions in the well.
As the charge density become concentrated near the walls of
the well, the radiative recombination rate decreases. This is
the so-called quantum-confined Stark effect (QCSE) [9, 10].
In order to eliminate such a polarization effect, growth along
non-polar orientations has been explored, such as [1 1 2 0] a-
plane GaN on [1 0 1 2] r-plane sapphire [11], a-plane SiC [12],
[1 0 1 0] m-plane GaN on [1 0 0] LiAlO2 substrates [13], and
direct growth on the a-plane or m-plane of GaN substrates and
the like [14]. At the same time, some other research groups
have focused on modifying the potential shape of quantum
wells (QWs) with the purpose of increasing the wavefunction
overlap, such as the triangular indium composition structure
reported by Choi et al [15].
Since the intrinsic built-in field is still hard to be
eliminated, it is desirable to resolve the problem from a
different fundamental point of view. In this study, we first take
full advantage of the InGaN growth property, namely the high
volatility of indium at high growth temperature, to attain the
triangular band structure in the MQW by gradually increasing
growth temperature in the course of growing the InGaN well
layer, which will compensate the band incline owing to the
built-in field. Furthermore, the triangular band structure will
achieve a spatial direct band gap between the conduction and
valence band edges, which consequently increase the overlap
of the electron and hole wavefunctions and therefore improve
the internal quantum efficiency (IQE) of the LEDs.
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Figure 1. Band structure of (a) the triangular quantum well compared with (b) the rectangular one. Solid lines indicate conduction bands
and electron wavefunctions and dashed lines indicate valence bands and hole wavefunctions, respectively.
2. Experiments
The samples were grown on c-plane sapphire substrates by
low-pressure metal-organic chemical vapor deposition (LP-
MOCVD). Trimethylgallium, trimethylindium, ammonia and
silane were used as the precursors of Ga, In, N and Si,
respectively. The carrier gases were H2 and N2 for the growth
of GaN and InGaN, respectively. For the conventional QWs
samples (labeled as rectangular MQW) the InGaN layers were
grown at a constant temperature, while for the triangular-
shaped QWs samples, the InGaN layers were grown under
the conditions that the temperature was increased gradually
to the point at which the indium composition was close to
zero while keeping other parameters the same. In our case,
it is 840 ◦C at which the indium composition is near zero.
Samples grown from 680 ◦C to 840 ◦C and from 730 ◦C
to 840 ◦C were prepared (labeled as triangular MQW). Other
detailed growth procedures are available elsewhere [16]. A big
advantage of this technique is that one needs only to modulate
the initial growth temperatures for the InGaN well layer to
obtain different emission wavelengths of the LED.
3. Results and discussion
The photoluminescence (PL) spectra of the samples were
excited by a 405 nm semiconductor laser diode. The samples
to be measured were placed in a cryostat to control the ambient
temperature which was varied between 17 K and 300 K with
a close cycle cryogenic system. A standard process was used
for LED fabrication. Electroluminescence (EL) spectra were
measured as a function of injection current at room temperature
with a current source.
Figure 1 shows the schematic band structures of the
triangular QW and the rectangular QW, which is based on
numerical calculations adopting a self-consistent analysis with
the effect of QCSE taken into account. In this calculation, the
well thickness is set to be 3 nm and the indium composition in
every well decreases gradually from 0.3 to 0.0 along the growth
direction for the triangular QWs, while it is kept at 0.18 for the
rectangular QWs. These parameters as well as the calculation
procedure are based on the study in [17–21]. In figure 1, we
also illustrate that the spatial overlapping between the electron
and the hole increases by adopting the new structure of the
InGaN well layer.
Figure 2(a) shows the temperature dependence of the
normalized integrated PL intensity in the form of Arrhenius
plots, log(I(T)), versus 1000/T for typical InGaN/GaN MQW
samples covering the temperature range from 17 to 300 K,
where I is the integrated PL intensity and T is the temperature.
Curves are normalized by a peak value at 17 K for all samples.
The main emission intensity from the triangular MQW is
reduced by only one order of magnitude from 17 to 300 K,
while by two orders of magnitude for the rectangular MQW,
indicating that the triangular MQW has a higher IQE even
at high temperature. As is expected, the triangular MQW
structure enhances the extent of overlap between the electron
and hole wavefunctions in the well. As one can see, for the
rectangular MQW samples, the integrated PL intensity falls all
the way with the increasing temperature due to the increasing
nonradiative recombination. In contrast, in the cases of
triangular MQW sample, the integrated PL intensity falls
slowly at the beginning, then climbs up gradually to 120 K and
finally drops sharply as temperature further increases. Such
anomalous behavior can be attributed to the fact that the carrier
first overcomes certain potential barriers and then relaxes
into localized states created by indium content fluctuation
or quantum dots (QDs) formation [22]. The emergence
of the W-shaped full width at half maximum (FWHM) of
the PL (figure 2(b)) accompanied by S-shaped peak energy
(figure 2(c)) with increasing temperature for the two series of
MQW samples is owing to the enhanced motion of localized
excitons via hopping, which allows excitons to find a deeper
localized state and thus to evade nonradiative recombination.
Apparently, the peak energy red shifts by 20 meV first and the
spectral width narrows simultaneously from 17 to 100 K for
the triangular MQW sample, but by 8 meV from 17 to 50 K for
the rectangular MQW sample. Also, there is a characteristic
kink at about 160 K in the W-shaped FWHM for the triangular
MQW, while it is at 140 K for the rectangular MQW. The kink
in the temperature-dependent linewidth represents a crossover
from a nonthermalized energy distribution to a thermalized
energy distribution of the excitons. The crossover temperature
is related to the energy scale of the band potential fluctuations
[23]. Therefore, we demonstrate that the carriers in the
triangular MQW have a stronger localization effect than those
in the rectangular MQW, and as a result, the emission in
the triangular MQW is enhanced compared with that in the
rectangular MQW.
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Figure 2. Temperature dependence of (a) the normalized integrated PL intensity in the form of an Arrhenius plot, i.e. log(I(T)) versus
1000/T, (b) FWHM and (c) peak energy for the typical InGaN/GaN MQW samples.
(a) (b)
Figure 3. EL spectra as a function of injection current from 5 to 120 mA at room temperature for (a) rectangular MQW LED and
(b) triangular MQW LEDs.
Figure 3 shows the EL spectra of (a) the rectangular
MQW LED and (b) the triangular MQW LED as a function
of injection current, measured at room temperature. The peak
wavelengths of the triangular and rectangular MQW LEDs
are 474 nm and 464 nm, respectively, at an operating current
of 20 mA. The intensity increases gradually with increasing
injection current for both types of samples. The triangular
MQW LED shows stronger peak intensities and narrower
linewidths than the rectangular MQW LED does. This is
presumably due to the increased overlap between the electron
and hole wavefunctions in the triangular MQW. Furthermore,
in the triangular MQW LED, the peak wavelength is nearly
independent of the injection current ranging from 5 to 120 mA.
In contrast, the peak energy in the rectangular MQW LED
exhibits a blue shift of 74 meV with increasing current, which
is more than three times larger than the blue shift of 23 meV for
the triangular MQW LED over the range of injection current
from 5 to 120 mA. The main reason for the blue shift of the
EL spectra of the InGaN/GaN MQW with increasing current
is the QCSE resulted from piezoelectric fields induced by
the lattice mismatch in the GaN-based material system. The
phenomenon can be explained as follows. First, the transition
energy of the InGaN/GaN strained QWs is reduced because
the band alignment of the InGaN-strained well layer is tilted
by piezoelectric fields. When the injection current increases,
the piezoelectric fields in the InGaN strained well layer are
weakened by charge screening and band-filling effects, and so
does the QCSE. Increasing the injection current will further
weaken the QCSE and increase the transition energy, and the
result is the occurrence of the blue shift. By comparing the
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Figure 4. Injection current dependence of (a) peak position,
(b) FWHM and (c) integrated intensity for triangular MQW and
rectangular MQW LEDs.
blue shifts of the two EL spectra over the same injection current
range from 5 to 120 mA, we conclude that the QCSE is nearly
absent in triangular MQW LEDs. The reason is that the
piezoelectric fields in the triangular MQW are counteracted
mostly by modulating conduction and valence band structures
in our study.
To confirm the performance of the triangular QW-based
LEDs in our study, we further measure the EL spectra for
even larger injection current at room temperature without
considering the Joule heating generated in the junction. In
figure 4, we plotted the injection current dependence of
corresponding characteristics of (a) peak position, (b) FWHM
and (c) EL integrated intensity. The current range is from 5 to
420 mA for the triangular MQW samples and from 5 to 220 mA
for the rectangular ones. When the driving current was
above 120 mA, a red shift of the peak position, along with a
broadening and a red shift in the low energy side in the emission
spectra, was observed for both series of LEDs. But the slope of
shifts of the triangular MQW LEDs is much smaller than that
of the rectangular MQW LEDs. The redshift peak position and
the red shift of the low energy side along with the broadening
of the emission spectra at further increased injection current
may be caused by the heating effect or many body effects
[24]. The many body effects in a semiconductor emission
include the band gap renormalization, plasma screening and
excitonic enhancement of the interband transition probability
[25]. For a piezo-strained InGaN QW operated in a high
carrier excitation regime, it has been shown to be sufficient
to consider a dominant process of band-to-band transitions
in analyzing the luminescence [26]. It has been confirmed
that the red shift of the low energy side and the incidental
broadening of the emission spectra can be attributed to the
many body effects, rather than the heating effect, by fitting
to the high energy tail of the measured spectra with the
Boltzmann factor [23]. The significant red shift of the peak
position with increasing dc-driven injection current is due to
the temperature-induced shrinkage in the fundamental energy
gaps of GaN and InGaN epilayers. As is well known, the
carriers injected into QWs will be captured, in principle, by
either radiative recombination or Joule heating in photoelectric
devices. The red shift of peak position is 9 meV for the
triangular MQW LED from 120 to 220 mA and 45 meV
for the rectangular MQW LED at same current range. This
implies that the utilization efficiency of the injected carriers
for radiative recombination is much higher in the triangular
MQW. This injection current-dependent wavelength shift can
be well correlated to the behaviors of the increasing integrated
intensity and ‘efficiency droop’ showed in figure 4(c) for the
two series of LEDs. As the injection current increases, the
integrated intensity increases more rapidly for the triangular
MQW LED. As the current further increases up to 300 mA
for the triangular MQW LED and 180 mA for the rectangular
MQW LED, the thermal effect greatly reduces the population
of the carriers in the wells and causes more nonradiative
recombination in other regions, which is in good agreement
with the rapid degradation in intensity. One can see that the
performance of the LEDs with triangular MQW is more stable
and its working current can be larger. We believe that this
is due to the formation of densely and uniformly distributed
QDs in the triangular-type structure in our study. Possibly,
the QDs would rather form in the triangular QWs, as the
indium composition was reduced gradually in the course of
growing the QW structure. Hence, we may conclude that
the triangular MQW structure as an active layer showed much
more improved properties than the rectangular MQW structure
did.
4. Conclusions
In summary, InGaN/GaN MQW LEDs with triangular
quantum well structures were fabricated and compared with
rectangular ones in terms of optical and electrical properties.
The temperature-dependent PL spectra reflect that the LEDs
with the triangular MQW show a higher IQE than the
rectangular ones do. This is due to the fact that the triangular-
shaped quantum well structure enhances the extent, to which
the electron and hole wavefunctions overlap in the well. At the
same time, the PL spectra characteristics showed that the
carriers in the triangular MQW have a much stronger
localization effect than that in the rectangular MQW. EL
spectra show that the peak energy is nearly independent of
the injection current in the triangular MQW LEDs, which
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indicates that the piezoelectric fields in the triangular MQW are
compensated largely by modulating the band structure through
reducing indium composition gradually in the course of
growing the QW layer. The EL spectra characteristics in views
of peak position and FWHM with increasing injection current
are presumably due to the formation of dense and uniform
QD distribution or localized states in the triangular MQW
structure in our study. In sum, the triangular MQW LEDs
showed overall significant improvement in the performance
of efficiency and stability than the conventional rectangular
MQW LEDs. These results indicate that changing the
QW structure is a feasible scheme to improve the electrical
and optical properties of InGaN/GaN MQW LEDs or LDs,
though more detailed analysis are still needed theoretically
and experimentally for the triangular QW structures.
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